Anomalous Hall effect in field-effect structures of (Ga,Mn)As 
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The anomalous Hall effect in metal-insulator-semiconductor structures having thin (Ga,Mn)As 
layers as a channel has been studied in a wide range of Mn and hole densities changed by the gate 
electric field. Strong and unanticipated temperature dependence, including a change of sign, of the 
anomalous Hall conductance a xy has been found in samples with the highest Curie temperatures. 
For more disordered channels, the scaling relation between o~ xy and a xx , similar to the one observed 
previously for thicker samples, is recovered. 

PACS numbers: 72.25.Dc, 73.40.Qv, 75.50.Pp, 85.75.-d 
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Along with anisotropic magnetoresistance, the anoma- 
lous Hall effect (AHE) results from an interplay between 
spin-orbit interactions and spin polarization of electric 
current specific to ferromagnets. It has been recently 
realized that for a certain region of conductivities, the 
anomalous Hall conductivity a xy is a measure of the 
Berry phase of carrier trajectories in the k space and, 
thus, provides information on the hitherto inaccessible 
aspects of the band structure topology in the presence 
of various spin-orbit interactions [l], 0, y, 0, HI- Interest- 
ingly, the effect appears to be qualitatively immune to 
disorder, except for the case of linear-in-fc Rashba-type 
Hamiltonians in two-dimensional electron systems, where 
the contribution to a xy vanishes Q unless the lifetime is 
spin-dependent 0] ■ Furthermore, a surprisingly universal 
empirical scaling relation between the Hall and longitudi- 
nal conductivities, a xy ~ cr% x , 7 w 1.6 has been found to 
be obeyed by a number of materials on the lower side of 
their conductivity values [f| , where Anderson- Mott quan- 
tum localization effects should be important. 

In this Letter, we report on Hall resistance studies as 
a function of temperature and gate electric field carried 
out for metal-insulator-semiconductor (MIS) structures 
containing a thin conducting channel of ferromagnetic 
(Ga,Mn)As. We find out that in the a xx range up to 
10 2 S/cm, a xy obeys a scaling relation with a similar 
value of the exponent 7. However, for a xx > 10 2 S/cm 
the scaling relation breaks down entirely. Surprisingly, 
in this regime and below the Curie temperature Tc, cr X y 
tends to decrease rather abruptly with decreasing tem- 
perature, and even reverses its sign in some cases, in the 
region where neither resistance R nor magnetization M 
vary significantly with temperature. The effect has not 
been observed in thicker films and appears to have no 
explanation within the existing theory, pointing to the 



importance of yet unrevealed confinement effects. 

The studied thin layers of tensile-strained (Ga,Mn)As 
have been deposited by low-temperature molecular beam 
epitaxy onto a buffer layer consisting of 4-nm GaAs/ 30- 
nm Alo.75Gao.25As/ 500-nm Ino.15Gao.85As/3O-nm GaAs 
grown on a semi- insulating GaAs (001) substrate. Upon 
growth, Hall bars having a channel of 30 or 40-/im width 
and ^200-/im length are patterned by photolithography 
and wet etching. Subsequently, samples are annealed at 
180°C for 5 min or introduced directly into an atomic 
layer deposition chamber, where a 40-nm-thick oxide in- 
sulator is deposited at a substrate temperature of 120- 
150°C. Finally, 5-nm Cr/ 100-nm Au gate electrode is 
formed. Owing to the tensile strain, the easy axis is per- 
pendicular to the plane, so that the height of the Hall 
voltage hystereses provides directly the magnitude of the 
anomalous Hall resistance R yx . 

Altogether 18 MIS structures, numbered from 1 to 18, 
have been investigated. As tabulated in the supplemen- 
tary material^, they differ in nominal Mn composition 
(3% < x < 17.5%), thickness (3.5 ran < t < 5 nm), 
and crystallographic orientation ([110] vs. [110]) of the 
Gai-^Mn^As channel, as well as contain three kinds of 
gate insulators (AI2O3, Hf02, and Zr02). For this set of 
samples, and in the employed gate electric field range 
(5 MV/cm > E G > -5 MV/cm), a xx spans over 3 
orders of magnitude, and the corresponding Tq varies 
between 35 and 165 K. The lateral homogeneity of the 
grown wafers is proved by results displayed in Fig. SI in 
EPAPS, whereas the data in Fig. S2 demonstrate that 
the magnitudes of Tc in the MIS structures and thick lay- 
ers are virtually identical. Since t is larger than the mean 
free path but shorter than the phase coherence length of 
holes in (Ga,Mn)As, whose lower limit is provided by the 
conductance studies in ID systems T3, U|, the density 
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of states preserves a 3D shape, whereas localization phe- 
nomena acquire a 2D character. 

As an example of experimental findings, Figs. 1(a) and 
1 (b) show the temperature dependence of remanent Hall 
resistance R yx and sheet resistance R xx at various gate 
electric fields for the MIS structure containing a 5-nm 
thick Gao.g49Mno.o5iAs channel and the AI2O3 gate in- 
sulator. In the inset, the results of the Hall measure- 
ments as a function of the external magnetic field H at 
10 K are presented. The squareness of the hysteresis loop 
indicates the perpendicular-to-plane orientation of the 
magnetization easy axis, whereas its counter-clockwise 
chirality, as in the case of an ordinary M vs. H loop, 
demonstrates that the anomalous Hall coefficient is pos- 
itive in this case. The vertical axis of Fig. 1(a) presents 
RyxiT), as determined by hysteresis heights at zero mag- 
netic field. As seen, Tq of the channel layer increases 
(decreases) by the application of negative (positive) gate 
electric field which accumulates (depletes) holes in the 
channel, as witnessed in Fig. 1(b) by a corresponding 
decrease (increase) of R xx . Importantly, according to 
Fig. 1(a) also the low-temperature values of R yx increase 
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with R xx changed by the gate electric field. 
1(c) shows a xy = R yx /[t(R 2 xx , „ yx 
a xx = R xx /[t(R xx + Ry X )} under three different values of 
Eq at T = 10-30 K < Tc/2, where the spontaneous spin 
splitting should be only weakly temperature dependent. 
The dotted line is a guide for the eyes, which indicates 
that the values of a xy fall on a single curve, verifying 
an empirical scaling behavior with 7 rs 1.6 for this struc- 
ture. In 12 samples of all samples, 7 is found to be within 
the range of 1.6 ± 0.4, showing virtually no temperature 
dependence below 7c / 2 [9|. 

Experimental results illustrating an entirely different 
and so-far not reported behavior of R yx {T) are presented 
in Fig. 2(a) for the MIS structure containing a 4-nm thick 
Gao.875Mno.i25As channel and the HfO*2 gate insulator. 
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1: [Color online] (a) Hall and (b) longitudinal sheet resis- 
tances of 5-nm thick Gao.949Mno.051 As (sample 3) at various 
gate electric fields. Inset to (a) shows hysteresis loops of the 
Hall resistance, (c) Relation between Hall and longitudinal 
conductivities obeying a simple scaling law shown by dotted 
line. 



While, according to Fig. 2(b) the temperature depen- 
dence of R xx is rather standard, R yx shows a nonmono- 
tonic temperature dependence attaining a maximum at 
about 20 K below Tq ~ 120 K, followed by a decrease of 
R yx towards zero with lowering temperature, culminat- 
ing in a change of sign at Eg > 1.5 MV/cm at 10 K, as 
shown in detail in Fig. 2(c). The data on R yx (T) are to 
be contrasted with the behavior of magnetization which, 
according to the results displayed in Fig. 2(d), shows a 
monotonic increase upon cooling. Interestingly, while the 
magnitude of Tq in our MIS structures attains similar 
values as those in thicker films, a non-Brillouin charac- 
ter of M(T) indicates that magnetization fluctuations are 
rather strongly enhanced by the confinement. 

The findings for this and other samples showing sim- 
ilar properties, collected in Fig. 3, demonstrate clearly 
that the relation between the Hall resistance and magne- 
tization or carrier polarization can be rather complex. In 
particular, despite that R xx is virtually temperature in- 
dependent and the hole liquid degenerate, R yx and, thus, 
<j xy decrease abruptly or even change sign on lowering 
temperature, as shown in Figs. 2 and 3. In this range, 
the temperature derivatives of \R yx (T)\ and M(T) ac- 
quire opposite signs, indicating that Hall measurements 
for temperature dependent magnetometry should be ap- 
plied with care. Furthermore, the revealed change of sign 
of R yx calls into question the generality of a simple scal- 
ing formula. 

According to the recent theory of the intrinsic AHE 
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FIG. 2: [Color online] (a) Hall and (b) longitudinal sheet resis- 
tances of 4-nm thick Gao.87sMno.i25As (sample 16) at various 
gate electric fields, (c) Hysteresis loops at various gate electric 
fields documenting the sign change of the anomalous Hall ef- 
fect, (d) Temperature dependence of remanent magnetization 
without gate bias. 
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FIG. 3: [Color online] Hall R yx and longitudinal R xx sheet 
resistances at various values of the gate electric fields in MIS 
structures [(a) and (b) for sample 11, (c) and (d) for sample 
12, (e) and (f) for sample 14, and (g) and (h) for sample 15] 
showing a strong temperature dependence of R yx , similar to 
the one presented in Fig. 2. 



in (Ga,Mn)As [5j, an appropriately strong tensile strain 
or the bulk inversion asymmetry — the Dresselhaus 
effect 1 14| — can result in a negative sign of the AHE for 
a sufficiently small magnitude of scattering broadening 
r. In fact, a negative sign of the R yx has been observed 
in films of (biJVIn)As [lj, [H, (In,Mn)Sb [H [H], and 



(Ga,Mn)Sb [17|, where the bulk asymmetry is expected 
to be much stronger. However, the striking behavior of 
R yx (T), including the change of sign revealed here, has 
not been anticipated theoretically [4,5]. It appears to be 
related to the reduced dimensionality, as it has not been 
observed in thicker (Ga,Mn)As films grow n by us with 
similar conductivity Tq and strain flil Il9|. 

In an attempt to interpret our findings we note that 
thin layers are expected to exhibit structure inversion 
asymmetry constituting an additional source of spin- 
orbit coupling. Despite that the gate electric field does 
not affect significantly the temperature dependence of 
R yxi as seen in Fig. 3, the presence of two different inter- 
faces can account for the structure asymmetry and the 
corresponding lowering of the point symmetry from D2d 
to Ci v . In order to explain the data within this scenario, 
the structure asymmetry contribution to R yx should be 
negative and its amplitude take over the bulk terms at 
sufficiently high magnetization values. 

Since the in-plane anisotropy of the conductivity ten- 
sor would provide a direct proof that the symmetry is 
lowered to Civ, we have examined MIS structures origi- 
nating from the same wafer but having the channels ori- 
ented along either [110] or [110] crystal axis. As shown 
in Fig. 4, similar values of Hall and longitudinal conduc- 
tance are observed in both cases. Though the negative 
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FIG. 4: Hall conductivity vs. conductivity for 4-nm thick 
Gao.875Mno.125 As channels oriented along [110] (sample 16) 
and [110] (sample 17) in-plane crystallographic orientations. 



result of this experiment does not provide a support for 
the structural asymmetry model, it does not disprove it, 
as an accidental degeneracy cannot be excluded (e.g., due 
to a compensation of asymmetry in the values of the den- 
sity of states and relaxation time). 

Another possibility is that dimensional quantization 
of the transverse motion leads to a significant recon- 
struction of the topology of the Fermi surface introduc- 
ing, in particular, a number of additional subband cross- 
ings. This scenario may explain why the negative sign 
of a xy appears on depleting the channel in one struc- 
ture [Fig. 2(a)], whereas it shows up in the accumulation 
regime in another sample [Fig. 3(a)]. A detailed Fermi 
sheet behavior in this region (e.g., crossing vs. anticross- 
ing) may be sensitive to symmetry lowering and phase 
breaking mechanisms such as spin-orbit as well as tem- 
perature dependent inelastic and spin-disorder scatter- 
ing. At the same time, the confinement-induced upward 
shift of the hole energies may enhance the importance of 
the Dresselhaus contribution determined by the admix- 
ture of the conduction band wave functions. Within this 
scenario, the behavior of function of temperature 

reflects a subtle and spin polarization-dependent balance 
between positive and negative terms originating from the 
intra-atom and bulk inversion asymmetry electric fields, 
respectively. 

In Fig. 5 we summarize our findings by reporting a xy 
as a function of cr xx at 10 K for various gate electric fields. 
The results 



191 [20j obtained previously for thick films 
are also shown for comparison. Despite the fact that the 
particular samples may differ in magnetization values — 
which may likely affect the form of the scaling [21]— 
we see that over a wide range of conductivities up to 
10 2 S/cm the relation a xy ~ aj x is obeyed and implies 
7 ~ 1.6, in agreement with the value 7 = 1.5 found 
for thick films of (Ga,Mn)As in the magnetic field 22j. 
However, the scaling relation breaks down rather severely 
in the case of MIS structures, as discussed above. We also 
note that 7 determined at each temperature has almost 
no temperature dependence below Tc/2, according to the 
results shown in Fig. S2 of the supplementaly material. 
However, on approaching Tq we have found the scaling 
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FIG. 5: [Color online] Relation between Hall and longitudinal 
conductivities at various values of gate electric fields Eg at 
10 K (30 K for Sample 1) for the studied MIS structures of 
Gai-jMiiiAs. The legend shows the values of the Mn con- 
tent x, channel thickness t, as well as the sample number. 
The asterisks (*) mark the samples which were annealed be- 
fore deposition of insulator layer. Half-filled symbols show the 
absolute value of negative o~ xy . The previous data for thick 
(Ga,Mn)As films are shown b y op en symbols (circles [201 ], tri- 
angles up fl8| , and diamonds jl9l|) . The dotted line shows the 
dependence a xy ~ a2 x , 7 = 1.6. 



to be not obeyed (Fig. S4). 

We note that the empirical scaling found for thick films 
as well as for thin layers with low conductance cannot be 
explained by the intrinsic mechanisms of the AHE, as 
the corresponding theory predicts a decrease of a X v with 
both hole density 0, HI, 0] and scattering time p, 24 1 
in a wide range of relevant hole concentrations and spin- 
splittings. This suggests that the physics of AHE is dom- 
inated by the proximity to the Anderson-Mott localiza- 
tion boundary (25l . |2(| . So far the influence of quantum 
interference effects on the anomalous Hall conductance 
have been studied considering the side-jump and skew- 
scattering terms within the single-particle theory [53] • 
The data summarized in Fig. 5 call for the extension of 
the theory towards the intrinsic AHE with the effects of 
disorder on interference of carrier-carrier scattering am- 
plitudes taken into account. 

In summary, we have found that the anomalous Hall 
effect of the magnetic semiconductor (Ga,Mn)As acquires 
qualitatively new and not anticipated features when di- 
mensionality and disorder are reduced. The revealed 
striking temperature dependence of the Hall conductance 
indicates a significant contribution of confinement phe- 
nomena. At higher levels of disorder, the scaling relation 
between a xy and a xx , similar to that observed previously 
for thicker samples and so-far unexplained, is recovered. 
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